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The large difference between the results from the Lag turbulence model compared to those of other turbulence models raised doubts about the accuracy of the predictions. Further investigation revealed that the mechanism for the higher force appears to be energy transferred from the AM plumes into the freestream which flows past the plumes and impinges on the LAV capsule. The drag force appeared to be dependent on the jet temperature and hence velocity, for the fixed Mach number jet. These physical mechanisms could reasonably be the source of the increased drag, and this raised the concern that jet temperature was an important parameter in the problem. A substantial amount of wind tunnel testing of LAV aerodynamics were run with jet plumes significantly cooler than the flight vehicles, which did not reveal this temperature dependence.
An experiment was required to provide a benchmark dataset for assessment of the different CFD predictions. The CFD researchers were interested in understanding how to predict jet in cross-flow flow phenomena so the entire LAV system (rocket and capsule assembly) was not tested -only a single Launch Abort Motor. Key features of the experiment included a freestream flow, a high temperature, high pressure jet at an angle to the freestream, a capsulelike shape on which pressures could be recorded, and a means for measuring detailed flowfield characteristics of the plume and surrounding air. The AeroAcoustic Propulsion Laboratory (AAPL) at NASA Glenn Research Center (GRC) was chosen as the site of this experiment based on its suitability for PIV measurements and its ability to produce a high temperature plume. However, the facility is not capable of pressures and temperatures as great as in the AM, so CFD studies were performed in order to confirm that an experiment in this facility would provide a test case to illustrate the differences in the two model predictions. To that end, both 2-component axial plane Particle Image Velocimetry and 3-component cross-stream Stereo Particle Image Velocimetry measurements were obtained on a model of the AM within the AAPL. The axial and cross-stream PIV results are compared to two different turbulence model predictions.
II. Equipment and Procedures
The experiment was conducted in the AAPL at the NASA GRC. The AAPL is an acoustic test facility housed in a 65 ft. radius acoustically lined dome. Three active test rigs are housed in the AAPL. For this experiment the Nozzle Aeroacoustic Test Rig (NATR) 1 was used. The NATR is a 53 inch diameter freejet rig capable of freestream velocities up to Mach 0.3. Housed within the NATR is a jet engine simulator called the High Flow Jet Exit Rig (HFJER). Figure 1 depicts the NATR and HFJER within the AAPL facility.
The HFJER has been previously used to test nozzles with exit areas of 10-20 in 2 in single flow configuration with heated flow at nozzle pressure ratios up to 4, temperatures up to 1900 R and flow rates up to 29 lbm/sec. For the CEV AM test, the rig was modified to provide flow at a nozzle pressure ratio of 28.5 and temperature up to 1460 R, but at a significantly lower flow rate of approximately 1 lbm/sec. The cold, 450 psig supply air to the HFJER was heated using a natural gas combustor. Figure 2 shows the model configuration. A "mini-strut" and "mini-sting" attach to the HFJER sting, supplying heated air to the nozzle. Three nozzle configurations were built, directing the jet 0°, 25°, and 40° above the free-jet axis. The angled jet flow travels past a capsule shape, not striking the capsule, but passing close enough that freestream flow striking the capsule interacts with the jet shear layer before reaching the capsule. The nozzles were instrumented with a static pressure tap and a thermocouple upstream of the nozzle throat. The 85-AA capsule was a 4% scale model of the ALAS 11 rev3c without the umbilical cutout or the tower. A strut extended from the base of the HFJER to support the capsule model. The design of the support strut allowed for the repositioning of the capsule as needed. Two sets of bolt holes at the connection between the capsule and the support strut allowed the capsule to be mounted with its axis at 0° (for the 25° nozzle) and 15° (for the 40° nozzle) relative to the freejet axis.
For each configuration, the tunnel was operated long enough to reach thermal equilibrium, and then SPIV data were acquired. Steady-state data, such as test conditions and capsule pressures, were recorded nearly instantaneously. A plane of SPIV data required approximately two minutes of sampling to obtain a valid statistical sample. A recording of the steady state data was taken for each plane of SPIV data recorded. During operations, the primary test conditions were continuously monitored to ensure that test conditions remained consistent throughout a test configuration. A total of 8 configurations were tested, as shown in Table 2 . The 0° nozzle case was a control case for comparison with other historical jet flow data sets. 
III. Particle Image Velocimetry System
The Stereo Particle Image Velocimetry (SPIV) system was configured to provide cross-stream measurements of the 3-component velocity field from the test article. The entire SPIV system was mounted on a large traverse system to facilitate performing velocity plane surveys of the flow field, see figure 3. The SPIV system employed two high resolution (4008x2672 pixels) cameras to provide a 300x360 mm field of view. The cameras were mounted downstream of the model exit plane at ±45º from the nozzle centerline. The measurement plane was illuminated using a dual head 400 mJ/pulse Nd:YAG laser system. The laser beams were formed into 1 mm by 350 mm light sheets using cylindrical and spherical lenses. Both cameras were connected to a single computer system and the data was acquired continuously and streamed to disk at a rate of 2 frame pairs/camera/sec.
The large field of view for the PIV system was required in order to be able to capture the angled nozzle plume over a range of 20+ diameters downstream from the nozzle exit plane. In addition to the cross-stream planes, the SPIV system was reconfigured on the final test day to acquire 2-component axial plane slices of the nozzle flow. Here the light sheet optics were rotated 90° and the cameras were mounted on the side of the large traverse. The field of view of the 2-D PIV system was nominally the same for the axial plane measurements as that used in the cross-stream SPIV configuration.
IV. Flow Seeding
For PIV, the fluid motion being measured is marked by the use of particles introduced into the flow. These particles must be sufficiently small so they will have no slip relative to the fluid (so that their motion is the same as the fluid motion). In addition, all fluid must be laden with particles at a concentration high enough that sufficient particles (5-10) are found in an interrogation region of the recorded PIV images. In these tests we are mixing two fluids: the core stream and the free-jet flow. It is also crucial that the seed be fully mixed and dispersed in the flow before the th AIAA Aerospace Sciences Meeting, January 4-7, 2010 AIAA 2010-1031 5 American Institute of Aeronautics and Astronautics measurement region in order to assure good quality PIV images. Finally, the seed must not be affected by the high temperatures of the gas; this is especially true of the seed in the core stream at 520 C.
Figure 3:
Stereo PIV system installation on a large blue traverse frame used to obtain velocity surveys of the jet flow.
Two independent seeding systems were required in this study. The hot nozzle flow was seeded with a refractory seed material and the ambient air was seeded using a commercial smoke generator. The refractory seed material used for the jet flow was 0.5 µm diameter alumina powder. A dispersion of the alumina seed material in ethanol was prepared using a pH stabilization technique. 2 The alumina/ethanol dispersion was dispersed in the flow well upstream of the nozzle using an air-assisted atomizing nozzle. The pH stabilization technique provides highly dispersed, unagglomerated seed particles in the flow. The ambient free-jet flow was seeded using a propylene glycol liquid seed material. Several fog generators were setup in the inlet tunnel to the free-jet -allowing nearly 60 feet of mixing before entering the SPIV measurement plane.
V. PIV Data Processing
The PIV image data were processed using multi-pass correlation with 64x64 pixel subregions on 32 pixel centers, followed by 32x32 pixel subregions on 16 pixels centers. Subregion distortion processing was also used to process the PIV data. 3 Subregion distortion was used to correct for velocity gradients across the subregion and to minimize the "peak-locking" effect, which is the tendency for the estimated particle displacements to preferentially concentrate at integer values. In the subregion distortion technique, the local velocity gradients surrounding the current correlation subregion are used to distort the subregion before the cross-correlation processing operation. Distorting the subregion yields correlation subregions with uniform particle displacements, and hence, reduces any bias caused by the velocity gradients. Typically two additional passes after the multi-pass processing are used with subregion distortion applied to refine the correlation peak estimates. Due to the oblique viewing of the model in the stereo PIV configuration, the nozzle was recorded in both the left and right camera views. The image of the nozzle corrupts the background in the image -leading to a loss of correlation in regions where the model is brightly illuminated by the laser light sheet. The Symmetric Phase Only Filtering (SPOF) technique was also applied in the data processing to mitigate any effects from the model being in the background of the images near the exit plane. 4 The final velocity vector maps had 1 mm spatial resolution. Sequences of 400 velocity vector maps were acquired at each measurement station and ensemble averaged to provide first and second order statistics over the entire measurement plane. Chauvenet's criteria was used to eliminate any outliers in the ensemble averaging process. 5 All of the processed PIV data were placed in the nozzle coordinate system and transferred to NASA Ames for comparison with CFD predictions. th AIAA Aerospace Sciences Meeting, January 4-7, 2010 AIAA 2010-1031 6 American Institute of Aeronautics and Astronautics Figures 4 and 5 show velocity contours for the 25° and 40° nozzles, respectively, as viewed from the side. The color contours represent velocity magnitude and the model of the nozzle has been inserted for reference. This data represents the measurements acquired on the last test day, where 2-D PIV data were acquired. Figure 6 shows a sample set of cross-stream measurements obtained using the Stereo PIV system configuration. Again velocity magnitude is plotted here as color contours, where the development of the horseshoe vortices characteristic of a jet in cross flow are readily apparent. 
VI. Results & Discussion

A. PIV Measurements
B. Comparison with CFD
In the full LAV CFD studies, which predicated these experiments, the SST, Lag and Baldwin-Barth turbulence models were all applied -but not the SST-CC, since the compressibility correction was only added after comparing the SST results on the AM with the PIV results. For our comparison here on the AM model, only two turbulence model solutions have been computed to date: the SST turbulence model and the compressibility corrected SST (SST-CC) model. Figures 7 and 8 show the velocity magnitude for the SST and SST-CC predictions for the 25° nozzle compared to the PIV axial plane survey measurements. In these figures, the underlying color contours are the PIV data while the overlaid black contour lines are the CFD predictions. The legend scale for both the PIV data and the CFD predictions are identical and the minimum and maximum black contour lines are called out for clarity. The slight, low velocity magnitude vertical bands in the PIV data are an artifact of stitching the individual data sets obtained from traversing of the PIV system along the jet axis together into one large data set. The black SST solution contours in figure 7 are well aligned with the PIV measurements for the first two shock cells and then they become misaligned. The SST-CC contours in figure 8 are well aligned with the PIV measured shock cell locations for the full length of the potential core. In summary, the CFD simulation guidelines for the Orion program currently state the use of the standard SST model (without compressibility corrections). The comparison with the PIV data for the 25° nozzle show that although the SST-CC model matches the number of shock cells in the axial cut, in the cross-stream slices we observe that it over predicts the vorticity, leading to a skewed plume shape and too much roll-up downstream. Neither model predicts the plume exactly, with the PIV data lying somewhere in between the two models. Similar results were obtained for the 40° nozzle case. The SST model persists as the primary prediction while we continue research to quantify the uncertainties in the SST model.
VII. Conclusions
The NATR facility at the NASA Glenn Research Center was used to simulate analog flow conditions for the CEV Abort Motor, both with and without the capsule in the flow. Both 2-component PIV axial plane and 3-component cross-stream SPIV measurements were acquired on the AM model and compared to SST and SST-CC turbulence model predictions.
The comparison with the PIV data shows that although the SST-CC model matches the number of shock cells in the axial cut, it over predicts the vorticity, leading to a skewed plume shape and too much roll-up downstream. The SST model under predicts both the shock cell structure and vorticty and the predicted nozzle plume decays more rapidly than the PIV measured plume. Neither turbulence model predicts the plume exactly, with the PIV data lying somewhere in between. The SPIV data collected here provide a valuable database of jet in cross-flow measurements for assessing the fidelity of CFD predictions. Work continues on developing the SST model and assessing the uncertainties in the predictions obtained with this turbulence model.
